We report a tunable ultrafast fiber laser mode-locked with a graphene saturable absorber. The linear dispersions of the Dirac electrons in graphene enable wideband tunability. We get∼1ps pulses, tunable between 1525 and 1559nm, demonstrating graphene as a broadband saturable absorber.
Ultrafast passively mode-locked fiber lasers with spectral tuning capability have widespread applications in biomedical research, spectroscopy and telecommunications [1] [2] [3] , due to their simplicity, compactness and efficient heat dissipation [2] [3] [4] [5] [6] . Currently, the dominant technology is based on semiconductor saturable absorber mirrors (SESAMs) [2] [3] [4] . However, these have a narrow tuning range, and require complex fabrication and packaging [2, 7] . A simple, cost-effective alternative is to use nanotubes (CNTs) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , In CNTs the diameter controls the bandgap, thus defining the operating wavelength. Broadband tunability is possible using CNTs with a wide diameter distribution [8, 26, 27] . However, when operating at a particular wavelength, CNTs not in resonance are not used and give insertion losses.
After the first demonstration of a graphene-based mode-locker [15] , a variety of lasers were reported exploiting graphene saturable absorbers for ultrafast pulse generation at 1 and 1.5µm [28] [29] [30] [31] [32] [33] [34] [35] . Ref. 28 explained the fundamentals of the photo-excited carrier dynamics, which leads to Pauli-blocking and, thus, saturable absorption, with good agreement between theory and experiments. The linear dispersion of the Dirac electrons in graphene provides an ideal solution for wideband ultrafast pulse generation [28] . Wavelength tuning in graphene-based lasers has been achieved by exploiting fiber birefringence [31, 32] . However, fiber birefringence is sensitive to temperature fluctuations and other environmental instabilities [36] , making this approach non ideal for long-term-stable systems; a key requirement for mode-locked lasers used in practical applications.
Here, we demonstrate an ultrafast tunable fiber laser mode-locked by a graphene-based saturable absorber, with stable mode-locking over 34 nm, insensitive to environmental perturbations. The tuning range is limited only by the tunable filter, with a wider range obtainable with a broader filter. The output pulse duration is ∼1 ps.
The saturable absorber is prepared as described in Ref. 28 . Graphene flakes are exfoliated by mild ultrasonication with sodium deoxycholate surfactant. The dispersion is enriched with single (SLG) and few layer graphene (FLG), and mixed with polyvinyl alchohol (PVA; Wako chemicals). Slow water evaporation in a dessicator produces free-standing, 50 µm thick graphene-PVA (GPVA) composites [15, 28] . Absorption and Raman spectroscopy are used for their characterization [28, 37] . Apart from the characteristic π absorption in the UV region [38] and the host matrix PVA, the GPVA films are featureless over a 1500 nm range (from ∼500 to ∼2000nm). Raman spectroscopy indicates the layers in the FLG flakes behave like electronically de-coupled SLG, retaining the linear dispersion of Dirac fermions [28, 37, 39] . Compared to other graphene saturable absorber fabrication strategies [29] [30] [31] [32] [33] [34] [35] , our approach is easily scalable, and allows integration into various photonic systems [15, 28] .
Power-dependent absorption at six wavelengths is measured using an all-fiber based setup described in Ref. 15 , Fig.1 , by sandwiching the GPVA film between two fiber connectors. The absorption decreases by∼4.5% due to saturation when the incident average power is increased to 5.35mW (266MW/cm 2 power density) at 1558nm, independent of wavelength. The nonlinear operation in terms of modulation depth and non-saturable absorption of our graphene saturable absorber is comparable to that of the CNT-based devices reported in Refs. 8, 13, 14, 16 . Note that the data in Fig.1 are just limited by our pump wavelengths availability. Saturable absorption is expected over a much wider spectral range due to the linear dispersion of the graphene electrons [15, 28] .
The packaged GPVA is then integrated to form a tunable ultrafast laser, Fig. 2 . The cavity consists of an Erbium doped fiber (EDF), followed by an optical isolator (ISO), a fused fiber coupler, a tunable filter with a 12.8 nm bandwidth, a polarization controller (PC), and a fused fiber wavelength division multiplexer (WDM). The PC is used to adjust polarization for mode-locking optimization. The 20% port of the 20/80 coupler feeds the pulses back into the cavity. The total cavity length is∼26.3m. The lasing wavelength is selected by the in-line tunable filter. The band-pass filter angle is controlled by a micrometer screw, providing continuous tunability from 1530 to 1555nm. This ensures stable mode-locking, independent of temperature and environmental fluctuations, unlike the wavelength selection strategy based on tuning fiber birefringence with a polarization controller [31, 32] . The pump and average output power are monitored by a photodiode, while the pulse duration and spectrum are recorded using a second harmonic generation (SHG) intensity autocorrelator (APE Pulsecheck 50) and an optical spectrum analyzer (Anritsu MS9710B), respectively.
Continuous wave operation starts at∼6mW pump power, giving an output power∼35µW. Single-pulse mode-locking is observed at∼20mW pump power. The output wavelength is tunable from 1525 to 1559nm, Fig.3(a) , limited by the tunable filter used in our experiment, not by the graphene-saturable absorber. The full width at half maximum (FWHM) spectral bandwidth at a representative output wavelength (1553nm) is∼3nm. Typical soliton sidebands are observed, due to periodic intracavity perturbations [40] . The autocorrelation traces are shown in Fig. 3(b) . Assuming a sech 2 pulse shape, the de-convolved pulse duration is∼1ps at 1553nm. Pulse durations and time-bandwidth products (TBP) at different output wavelengths are shown in Fig.4 . The TBP at 1553nm is∼0.4. The deviation from 0.315, expected for transform-limited sech 2 pulses, indicates minor chirping [36] . The nominal tuning range of our filter is 1530-1555nm, but it can also work from 1525 to 1530nm and from 1555 to 1559nm, at the expense of increased insertion losses. Thus, the achieved shortest and longest wavelengthes using this filter are 1525 and 1559nm. The pulse at 1525nm is slightly longer,∼1.15ps, possibly due to the higher losses. The average output power is∼1mW, with 125pJ pulse energy.
The stability is characterized from radio-frequency (RF) measurements of the output intensity [41] . The repetition rate is∼8MHz, corresponding to∼125.5ns roundtrip time, Fig.5(a) . Fig. 5(b) shows the RF spectrum of the fundamental harmonic frequency. The peak to pedestal extinction is∼80dB, indicating low amplitude noise fluctuations [41] . Compared to previous tunable, graphene mode-locked lasers [31, 32] , we achieve significantly lower fluctuations and shorter pulse durations, showcasing the wideband operation capability of graphene and its potential as a wideband mode-locker.
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